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Abstract 

We discuss properties of special super symmetric extreme black holes in 4 
and 5 dimensions which have regular horizons, non-zero entropy and can be 
interpreted as compactifications of BPS bound states of p-branes in 10 or 11 
dimensions. 

Recently, black holes in string theory have become a subject of intensive research. It was 
realised that microscopic properties (e.g. statistical origin of the entropy) of certain com- 
posite supersymmetric black holes can be addressed systematically using either conformal 
field theory description of the NS-NS backgrounds or D-brane representation of U-dual R-R 
backgrounds (for reviews see [^0]). 

Low-energy effective actions of string theories contain the metric and a collection of 
vector and scalar fields. The corresponding equations have various black hole solutions with 
several vector and scalar fields being non-trivial. Solutions without residual supersymmetry 
(like Schwarzschild one) are, in general, deformed by a'-corrections, so that their properties 
are hard to determine exactly. Most of supersymmetric backgrounds have certain types 
of singularities at the horizon. For example, the metric of purely electric extreme black 
hole has horizon coinciding with singularity (suggesting that a' corrections should become 
important there), while purely magnetic extreme black hole has dilaton scalar blowing up 
at the horizon (so that one cannot a priori ignore string loop corrections). All extreme 
black holes with singular horizons have vanishing area of the horizon, i.e. zero semiclassical 
Bekenstein-Hawking (BH) entropy. 

There are, however, remarkable exceptions: special extreme (BPS saturated) black holes 
with four independent charges in D = 4 and three independent charges in D = 5 have 
regular horizons and non-zero BH entropy [^Q. They have minimal possible amount (A^ = 
1) of residual supersymmetry. The fact that all scalars are regular and approximately 
constant makes them look 'realistic'. They are thus closest analogues of the standard extreme 
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Reissner-Nordstrom solution of Einstein-Maxwell theory (for equal values of charges they, 
indeed, can be viewed as embeddings of RN solution into string theory). This opens a 
possibility of understanding of their properties directly from string theory. 

These solitonic solutions have several surprising and exceptional features. 

(1) They exist only in dimensions D = 4 and D = 5 supported by at least n = 4 and 
n = 3 different vector fields with the associated charges Qi, i = 1, n (some of which may 
be electric, and some - magnetic). The corresponding D-dimensional Einstein-frame metric 
is 

dsl = -\''-\r)dt' + \-\r)[dr^ + r^dnl,^] , (1) 



A(r) = (/7i...i7„)-i^ , = 1 + . (2) 

The one-center solution with all charges at r = has straightforward extension to the case 
of more general harmonic functions Hi, e.g., with centers at different points. The RN case 
corresponds to Qi = Q. The ADM mass is 

M = b{Qi + ... + Q^) , b='^{D-3), (3) 

where kd is gravitational constant in D dimensions and 000-2 is 47r in D = 4 and 27r^ in 
D = 5. The fact that these solutions saturate the BPS bound is illustrated by the expression 
for the mass of their non-extreme versions (/i is a non-extremality parameter which is zero 
in the extreme limit and is proportional to the Schwarzchild mass in the case of Qi = 0, i.e. 
it enters through the function / = 1 — ^ri^): 

M = b[{Qi + ^^'y/' + ... + {Ql + f,'y/']. (4) 

The latter is reminiscent of the energy of a system of particles with masses Qi boosted to the 
same momentum fi. The BPS-saturated configuration can be interpreted as a bound state 
with zero binding energy. Indeed, the mass remains the same for the multicenter solution, 
suggesting that charges can be separated at no cost in the energy. This 'composite object' 
interpretation is explained by embedding these solutions into D = 10 or 11 dimensional 
theory as discussed below ||,^. 

(2) The {D — 2)-sphere at r = is a regular horizon with finite area the corre- 

sponding BH entropy is 

JBH = 2 = C\IQl---Qn ■, C= 2 • 

Being proportional to the product of charges the entropy vanishes unless there is a 'critical' 
number of non-zero charges (n = 4 for D = 4 and n = 3 for D = 5). The entropy vanishes 
for multicenter solution; the single-center case is a point of enhanced (spherical) symmetry 
where the entropy becomes non-vanishing. The non-extremal version has the entropy 

Sbh = c[{Ql + i^'f" + lA'"... [{Ql + /x^)^/^ + lA''' ■ 
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The charges are expected to take quantized values in the quantum theory, Qi (x rrii, where rrii 
are integers (the quantization condition is fixed by the embedding into 10-dimensional string 
theory or 11-dimensional M-theory). Expressed in terms of integers rrii the BH entropy 
takes simple and universal form [§] 

Sbh = 2n^/ mi... rrin , (6) 

suggesting a possibility of a statistical interpretation (see, e.g., Il9|-[l4|). It can be indeed 



be interpreted (for large values of charges) as the leading term in the entropy S = \nd{m) 
associated with supersymmetric BPS states of an effective D = 6 supersymmetric solitonic 
string with momentum number m = mi and winding number (along compact 6-th direction) 
w = m2...m„. The entropy of = Nb + ^Np massless particles moving in one direction in 



1 + 1 dimensions (with compact space of large length L) is S = y^NEL, E = 2TTmw/L. For 
a string in D = 6 one has Nb = Np = {D — 2) = 4 (i.e. Ce// = 6). One puzzling feature of 
(§) is the rapid growth of the entropy with charges. This may be related to the string-soliton 
nature of the solution. The standard euclidean path integral derivation of the BH entropy 
starts with semiclassical field-theory partition function which itself may be viewed as an 
exponent of the first-quantized string partition function (note that similar exponentiation 
is needed to combine the string source action with space-time action in order to discuss 
solutions supported by fundamental string sources). This may be suggesting to represent 
Sbh as 2nexp[j(lnmi + ... + lnm„)] and to interpret Inmi as 'partial' statistical entropies. 

(3) These D = 4,5 black hole backgrounds admit several possible embeddings into 10- 
dimensional string theory and 11-dimensional supergravity (or M-theory). 

(3a) If all the charges Qi are of NS-NS nature the corresponding bosonic background 
(which is a solution of either heterotic or type II superstring theory) is represented by the 
direct sum of supersymmetric 6-dimensional conformal sigma-model and free 4-torus model 
P]. It has the form of a 'superposition' of the fundamental string model (with non-trivial 
time-like part incorporating two electric charges, related to winding and momentum of the 
fundamental string source) and the 5-brane-type model (with non-trivial (4,4) supersym- 
metric 'hyperkahler space with torsion' transverse part depending on one or two magnetic 
charges for D = 5 or 4 black hole). For example, the D = 10 conformal model associated 
with D = 5 black hole is 

L = F{x)du [dv + K{x)du\ + f{x)dx'^dx"' 

+ 5™„(x)9x"9x" + 9^/"(9?/" + 7^<l>(x) , (7) 

where m,n = 1, ...,4, u = - t,v = yr, + t, Hmnk = -emnkAf, e^* = fF, and F-^,K 
and / are harmonic functions, = 1 + Qi/r^, etc. The regular D = 5 black hole 

with 3 NS-NS charges can thus be interpreted as a dimensional reduction of a BPS bound 
state of a fundamental string and solitonic 5-brane, with 5-brane wrapped around 5-torus 
and the string wound around one circle of the torus with extra momentum fiow along the 
string {Qi,Q2,Q3 are thus proportional to the winding number, string momentum and 5- 
brane charge). Dropping the trivial 4-torus part of 5-brane one gets a conformal model 
describing D = 6 solitonic string. The BH entropy can then be understood as the leading 
universal term in the statistical entropy of D = 6 string associated with supersymmetric 
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marginal perturbations Am{x,u)dudx"^ in 4 non-compact directions x"* (perturbations in 
compact I/" directions give only subleading contributions to the entropy). These more general 
deformed models describe a family of supersymmetric black holes which all have the same 
large-distance form (same asymptotic charges) but different short- distance structure. Since 
perturbations decay at large distances their number can be counted by considering the model 
near r = where it becomes equivalent to SL{2, R) x SU{2) WZW model with level equal 
to the magnetic charge Q3. Qs-factor effectively rescales the tension of the solitonic string 
as compared to the free fundamental string, making the associated entropy proportional to 
VQ1Q2Q3, and thus matching the BH expression [M . 



(3b) The type II superstring background corresponding to the case when (some of) the 
charges are of R-R type can be obtained from the above NS-NS background by applying 
SL{2, R) and T duality. The simplest example is the description oi D = 5 black hole as a 
bound state of R-R string lying within R-R 5-brane of type IIB theory. The corresponding 
type IIB string-frame metric is 

dslo = {f F-^f'^[F f-\dudv + Kdu^) + f-'dy^'dy'' + dx'^dx'^] . (8) 

The number of associated excited BPS states and thus the statistical entropy can then be 



evaluated by representing this R-R background in terms of D-branes [11-13|. 

There are various other U-dual representations in terms of configurations of intersecting 
NS-NS (solitonic) or R-R p-branes m D = 10. These can be also described as anisotropic 
6-branes (in D = 4 black hole case) or 5-branes (in D = 5 black hole case) with all internal 
coordinates being compact. The most interesting example is provided by the configuration of 
four orthogonally intersecting 3-branes (3_L3_L3_L3) of type IIB theory, each one intersecting 
each of the three others over a line.Q This remarkably symmetric configuration P,p!5 



can 



be pictured, symbolically, as a pyramid with 4 triangles standing for 3-branes, each pair 
sharing one dimension. The corresponding metric is 

dsl^ = {H.H.H^H.y/^i - {H.H.H^H.y'dt^ + {H^H^Y'dyl + (H.H.y'dyl 

+ {H,H,)-'dyl + {H.H^r'dyi + {H^H.y^dyl + {H,H,)-'dyl + dx'dx'] , 

where s = 1,2,3 and Hi = 1 + ^ are harmonic functions corresponding to each of four 3- 
branes. Dimensional reduction along 6 compact internal directions y"' leads to regular D = 4 
black hole background. Scalar fields come from internal components of the metric (which 
are constant if all charges are equal) while the vector fields originate from non- vanishing self- 
dual 5-tensor background |0. An interesting open problem is how to compute the associated 
statistical entropy in way which is manifestly symmetric with respect to all 4 charges. 

(3c) Another indication of the fundamental nature of the regular D = 4 and D = 5 black 
holes is that they have a very simple representation in terms of intersections of basic 
'M-branes' of 11- dimensional supergravity: 2-brane |T6[ and 5-brane |T^. The D = 5 black 



hole can be obtained by dimensional reduction of the symmetric 2_L2±2 configuration (with 



^The number of intersecting objects cannot be greater than 4 if one demands at least SO{3) 
isometry in non-compact directions. 
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all 2-branes intersecting at a point) or of 2_L5 one (with 2-brane and 5-brane intersecting 
over a string with an extra momentum flow along it) f^. Similarly, the D = 4 black hole can 
be obtained from compactified anisotropic 7-brane represented either by 2±2±5_L5 config- 
uration or by 5_L5_L5 configuration with the fourth charge being related to the momentum 
along the string common to all three 5-branes. The D = 11 background for 2±2±5_L5 is 

dsj, = {T^T2)-^'\F^F2)-^'^[ - T1T2F1F2 dt" + T^F^dyl + T^F^dyl 

+ T^F^dyl + T2F2dyl + FiF2{dyl + dyl + dy^^) + dxsdx^] , (9) 

= -dt A diTidyi A dy2 + T2dy2, A dy^) + *dF{^ A dy2 A dy^ + ^dFg"^ A dyi A d?/3. 

Here T^^ = 1 + and = 1 -|- ^ are the inverse powers of harmonic functions associated 
with 2-branes and 5-branes, and ^4 is the field strength of the antisymmetric 3-tensor field. 
The M-theory arguments leading to the expression for the corresponding 7-brane entropy 
in terms of quantised charges (in D = 11 there is just one antisymmetric tensor and thus 
a unique quantisation condition) and its interpretation as a statistical entropy (for config- 
urations 2_L5 and 5_L5_L5 with common string) were discussed in [Q. The 11-dimensional 
theory understanding of the entropies of the corresponding near-extremal configurations was 
presented in 



To summarize, extreme black holes which have regular horizons in string theory are 
lower-dimensional images of composite extended objects wrapped around compact internal 
dimensions (e.g. solitonic string in 6 dimensions or special supersymmetric configurations of 
intersecting p-branes in 10 or 11 dimensions). The existence of a family of supersymmetric 
black holes (all having the same asymptotic charges but different short-distance structure 
at compactification scale) which correspond to 'excited' or 'oscillating' states of underlying 
extended objects provides a natural explanation for a non-vanishing BH entropy. The fact 
that the expression for the universal (large charge limit) part of the statistical entropy can be 
understood in terms of effective D = Q string (which appears in all - NS-NS conformal sigma 
model, R-R D-brane and M-brane - approaches) has probably more to do with supersymme- 
try (requirement of BPS property) than with fundamental string theory. This is supported 
by the existence of a heuristic M-theory explanation of the entropy (in terms of massless 
modes 'living' on intersection sub-spaces), which complements the NS-NS conformal sigma 
model and D-brane arguments. 

I am grateful to the organizers of the Sakharov's conference for their excellent work and 
acknowledge also the support of PPARC and ECC grant SCl*-CT92-0789. 
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